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FOREWORD 


This is the final report describing the work accomplished in a 2-year 
period to evaluate the ABMA and high pressure oxygen impact testers for energy 
delivery and reproducibility for a given tester and among testers of the same 
design. 


The work was conducted within the Material and Processes Laboratories 
of George C. Marshall Space Flight Center (MSFC), Johnson Space Center’s 
White Sands Test Facility (WSTF) , and Kenned Space Center (KSC) with 
J. W. Bransford, G. W, Frye, and C. J. Bryan being the Responsible Engineers, 
respectively. Work performed by Eocketdyne, a Division of Rockwell Interna- 
tional Corporation, was sponsored by MSFC with S. L. Stohler being the 
Responsible Engineer. Contributing to the program were J. S. Stradling (WSTF) , 
A. F. Konigsfeld (Rocketdyne) , B. J. Lockhart (KSC), and H. L. Goodlett 
(MSFC). 
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TECHNICAL MEMORANDUM 


LOX/GOX MECHANICAL IMPACT TESTER ASSESSMENT 

SUMMARY 


In support of the Space Shuttle program, two different high-pressure 
mechanical impact testers were developed for determining reaction sensitivity 
of materials in oxygen at pressures up to 6.1 x 10 7 Pa (10000 psig) by White 
Sands Test Facility (WSTF) and Rockwell International, Rocketdyne Division. 
This report examines the differences of these two designs together with the 
reproducibility of the test results. Each test performed or. the high pres- 
sure systems was also performed on ABM A testers located at Marshall Space 
Flight Center (MSFC), WSTF, Kennedy Space Center (KSC), and Rocketdyne. 

The program was set up in two phases . Phase I was an energy input 
study and Phase II was a material round-robin test series. It was found that 
all ABMA testers produced essentially identical results for Phase I and Phase 
II, demonstrating the capacity for excellent reproducibility under standard- 
ized conditions. Results from Phase I showed that the MSFC and Rocketdyne 
high pressure testers delivered nearly the same amount of energy to the test 
samples in LOX and GOX at 3.4 x 10 7 Fa (5000 psi), but the WSTF high pressure 
tester delivered only one-third as much energy in 3.4 x 10 7 Pa LOX and only 
two-thirds as much energy in 3.4 x 10 7 Pa GOX for any given plummet height. 
However, when materials were tested under identical conditions (Phase II), 
the WSTF tester produced material reactions at the same or lower plummet 
heights than did the MSFC and Rocketdyne testers. This is contrary to the 
trend suggested by the energy input study and indicates that factors other 
than total input energy to the sample influenced the results. 


INTRODUCTION 


The most widely used technique within NASA to evaluate the compatibi- 
lity of materials in LOX and GOX has been the test method which determines 
the reaction sensitivity of materials under mechanical impact conditions. 

The most familiar impact device has been the ABMA dropweight tester. This 
tester has been utilized extensively in the evaluation of materials for 
oxygen service in many space programs such as Apollo and Space Shuttle. This 
ABMA tester, which used unpressurized LOX, was standardized by the establish- 
ment of MSFC-SPEC-106B [l] and industrial specifications such as ASTM-D-2512 
[ 2 ]. 


Because of the obvious temperature and pressure limitations of the 
ABHA impact tester, two different high-pressure oxygen impact test systems 
were developed: one by the Johnson Space Center's (JSC) WSTF and another by 

Rockwell International Corporation, Rocketdyne Division, under contract to 
MSFC in support of the Space Shuttle program. Both designs were based upon 
the ABHA test method and provided the capability to test in LOX or SOX at 
pressures up to 6.9 x 10 7 Pa (10000 psig) to simulate the maximum operating 
conditions of the Space Shuttle. 

An enormous amount of data has been generated over the years from 
the ABMA tester by various test facilities which provided information regard- 
ing the reproducibility of test results. However, no studies have been per- 
formed to date to evaluate the tester-to-tester reproducibility of the high- 
pressure mechanical impact testers located at WSTF, MSFC, and Rocketdyne's 
Santa S us ana Field Laboratory (SSFL). Therefore, efforts were initiated in 
1976 to study the high-pressure oxygen impact tester variability noted be- 
tween the three test facilities, previously listed, resulting from a prelim- 
inary test program reported in Appendix A. This study supported the proposed 
theory that the Rocketdyne-designed impact tester at MSFC had the highest 
material reaction rate. Next in observed reactivity was the identically de- 
signed and built Rocketdyne tester at SSFL and then the WSTF-designed tester. 
To understand and correlate high-pressure oxygen compatibility impact test 
data for the Space Shuttle program, it became apparent that an effort should 
be initiated to determine the tester-to-tester reproducibility along with an 
analysis of the observed test result discrepancies between the Rocketdyne- 
designed and the WSTF-designed impact testers. A two-phase study was subse- 
quently developed with the following objectives: 

1) Determine impact test data reproducibility for the three exist- 
ing high-pressure testers. 

2) Determine and compare energy delivery for each high-pressure 
tester and ABMA test system (with the participation of KSC). 

3) Correlate material reactivity with energy delivery in the high - ' 
pressure and ABMA testers. 

4) Determine guidelines for high-pressure impact testing standardi- 
zation. 

5) Develop a calibration method for impact testers. 
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Pliant 1 1 ni this evaluation wan to i x.u uw th?* amount ot energy delivered 
by the individual test system to tlu* test sample, I 'hast* II involved a round-robin 
impact test program between all test facilities (KSC, Mhi'C, SSFD, and WHTF) 
on identical lots of materials under standardized conditions. 

This rojxirt presents all tlic procedures, test results, data, and con- 
clusions of tliis extensive 2-vear program. Due to tlu* importance placed upon 
the oxygen compatibility batch test program IV, x the use of materials in all 
components in the Space Shuttle oxygen systems, it is hoped that the information 
presented herein will prove valuable tor assessing, understanding, standardiz- 
ing, and improving oxygen mechanical impact testing. 


EXPERIMENTAL PROCEDURES AND TEST RESULTS 


Phase I. Energy Incut Study 

Discussion a n ^xpurime n tal Proce d ure . During die initial discussions, 
in which the Round Robin Test Series (Phase II) was set up, it was decided that 
an experiment should be included to determine the energy delivered to a test 
sample. The necessity of this study can be seen by viewing the detail of the 
various testers (Figs. 1, 2, tmd 3). As seen in Figure 1, the ABMA tester has 
a rigid base configuration and an unrestrained striker pin jmd, therefore, was 
expected to produce the greatest impact stress upon a test specimen for any 
given plummet drop height. The MSFC^SSFL high pressure tester (Fig, 2) has 
a base equally as rigid as the ABMA tester, but the friction effects of the three 
seals upon dynamic response of the balance piston was not totally understood. 
Even though the seal effects were unknown, it was expected that the impact 
results for the MSFC/SSF I, testers would approach those of the ABMA tester. 
The WSTF high-pressure tester design (Fig. 3) is completely different from 
the Rocketdyne-designcd tester. Its response was not known but was believed 
by some to produce smaller impact loads on the test specimen than either the 
ABMA or MSFC/SSFL tester because of its base design and smaller diameter 
striker pin shaft. 

It was recognized that an absolute value for the energy absorbed by a 
sample could probably not be found but that a relative energy could be deter- 
mined. A method suggested by WSTF was used to examine the amount of energy 
transferred from the 9.07-kg (20 lb) plummet to the test sample. This method 
was to impact a metal disc of sufficient thickness with a 1. 27-cm (0.300 in.) 
diameter hemispherical striker tip instead of the usual 1. 27-cm (0.500 in.) 
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Figure 2. MSFC HSFL high pressure tester detail. 

diameter flat striker tip. The penetration or diameter oi' tire indentation pro- 
duced by a given tester at various energy levels (plummet drop heights) could 
then be measuied and compared to data generated by the other testers. It was 
also decided that the ABMA tester should serve as a reference since this tester 
has a rigid base and a minimum of mechanical constraints on the striker and 
should, therefore, give the maximum indentation. 

With the method of comparison decided, a test matrix was developed in 
which variables to be studied were detailed. For the ABMA impact tester, the 
principal variable was temperature so that a reference for GOX temperatures 
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K - KSC 
M - MSFC 
S - SSFL 
W - WSTF 


Figure 4. Energy input study test matrix. 
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could be established. For the high -pressure tester, the prinelp 4 variables 
were temperature and pressure. I1,e effect of these variables on the dynamic 
balance piston seals was also studied in the MSFtVSKKI. hitfh pressure lest 

systems (Fig. 2) . The test matrix as implemented by each facility is shown 
m lugure *1. 
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The discs used in the penetration tests were fabricated from an available 
rod of 304 stainless steel. The discs were annealed to remove work hardening 
and to produce uniform hardness. Figure 0 gives the disc specifications and 
shows an exaggerated view of an impacted disc. 



EXAGGERATED 

b. Impacted specimen cross section 


Figure 5. Energy input test specimen. 

The diameter of the indexation was determined to be the most error-free 
measurement that could be made from which the penetration could be calculated. 
This measurement was made using an optical comparator and then converted into 
a penetration depth by assuming that the indentation was a perfect hemispnerical 
section. Figure 6 shows the conversion derivation. 
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Figure 6. Derivation of penetration function. 

The identation tests were conducted in substantially the same manner 
as regular impact tests with the following exceptions: 

1) No oxvgen was used. 

2) Plummet rebound was eliminated when possible. 

3) No sample cups were used, except where noted in Figure 4, to pre- 
vent any reduction of the indentation in the sample. 
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Since no catcher was used to prevent rebounding of the plummet on 
the ABMA tester, indentation samples were examined to verify that diameters 
could still be measured accurately. No appreciable effect was noted on 
measurements due to rebounding. The data generated at LOX and ambient 
temperatures for all testers at various energy levels are presented graph- 
ically in Figures 7 through 29. 

The abbreviation LOX (liquid oxygen) as used in this report repre- 
sents several temperatures. For the ABMA tester it represents the boiling 
point at test site atmospheric pressure, nominally -183°C. For the SSFL 
high pressure tester, it represents -145+5°C [ 1 ] . For the WSTF high pres- 
sure tester, it represents a temperature between -183°C and the critical 
temperature of LOX. 


Test Results 


ABMA Testers - The identation diameter measurements and calculated 
penetrations are listed in Table 2 of Appendix B and are presented graphi- 
cally in Figures 7 through 15 . 

The results for the ABMA testers were in excellent agreement with 
the exception of the initial KSC results at ambient temperature. This 
difference in results proved to be fortuitous; in resolving the cause, 

KSC and MSFC were able to resolve previously observed anomalous results. 
The cause of the difference in material and penetration test results was 
an improperly supported base plate on the KSC tester. This allowed the 
base plate to deflect during the impact process and thus reduce the peak 
stress on the test specimen, giving the lower penetrations and erroneous 
material test results. During the problem resolution period it was noted 
that the measured plummet rebound height (on sample cups only) was also an 
excellent method for comparing the performance of identical testers. 

The ABMA tester behaved as expected giving greater penetrations at 
ambient temperature than at LOX temperature. The dent diameter versus 
energy level data are presented graphically in Figures 7, 9, 11, and 13. 
The data were fitted to a second degree polynomial over the data interval. 
These curves have no theoretical basis and are shown to indicate the 
trend of the data only. The grouping of the data points, in most cases, 
indicates excellent reproducibility and proper functioning of the four 
testers. From the diameter of the indentation, the theoretical penetra- 
tion (Pc) was calculated. The square of this value is called the penetra- 
tion function F ( D) and is a linear function with respect to the energy 
level. The penetration function was used to compare the test results from 
all testers. 
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Figure 8. Penetration function versus energy level KSC ABMA tester 
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Figure 10. Penetration function versus energy level 
MSFC ABM A tester. 
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Figure 11. Dent diameter versus energy level SSFL ABMA 
tester, ambient temperature. 
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Figure 14. Penetration function versus energy level WSTF ABMA 
tester, ambient temperature. 
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Figure 17. Dent diameter versus energy level SSFL high 
pressure tester, ambient pressure. 
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Figure 18. Dent diameter versus energy level SSFL high pressure 
tester, ambient pressure, no seals. 
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Dent diameter versus energy level SSFL high pressure 
tester, 3. 0 x 10 7 Pa. 
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Figure 20. Dent diameter versus energy level WSTF 
high pressure tester. 


24 


F (O) (m m 2, 







° - amb t, amb p 

0 - AMB TEMP, 3.4 X 10 7 Pa 

A--103C.3.4X 10 7 P, 



ENERGY LEVEL (kg-m) 


FlgUre 23 ‘ ZSZS? ,Un0tiO ” level 

WbTF high pressure tester 




F (D) (mm 2 ) 



Figure 24. Comparison of high pressure testers at 
ambient temperature and pressure. 
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Figure 26. Comparison of high pressure testers at cryogenic 
temperature and 3. 4 x 10 7 p a . 
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Figure 27. Equivalent energy of high pressure testers at 
ambient temperature and pressure. 
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Figure 28, Equivalent energy of high pressure testers at 
ambient temperature and 3.4 x 10' Pa, 
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ENERGY LEVEL (kg-m) 

Figure 29. Equivalent energy of high pressure testers at LOX 
temperature and 3,4x 10' Pa. 
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A linear curve fit forced through the origin, a common point to all 
testers, was determined and the curve statistics generated (Table 1). The 
dotted lines on various plots represent the 95 percent confidence limits. 

As seen from the plots of the penetration function of the ABMA testers 
(Figs. 3, 10, 12, and 14), excellent correlation to the linear assumption 
exists (Table 1). The comparative energy input test results for all ABMA 
testers are presented in Figure 15. The results are considered to be excel- 
lent considering the age and use history of several of these testers. 

A determination was made of the effect of the aluminum cups upon the 
impact results (Figs. 11 and 12). The lower curves represent the data for 
impact tests using aluminum cups. The linear least squares curve from data 
taken with cups falls within the 95 percent confidence limits of the data 
taken without cups (Fig. 12). This would indicate that the cups absorb 
little of the impact energy and thus do not affect the impact test results in 
a significant manner. 

High Pressure Testers - The indentation diameter measurements , calcu- 
lated penetrations, and penetration functions for the high pressure tester 
stud\ are listed in Table 2 of Appendix B. The dent diameter versus energy 
level data are presented graphically in Figures 16 through 20. The results 
of tne linear curve fits of the penetration function versus energy level are 
listed in Table 2 and presented graphically in Figures 21 through 26. 

The indentation data generated by the MSFC and SSFL testers are shown 
graphically in Figures 16 through 19, and for the WSTF tester in Figure 20. 

An extensive evaluation of the effects of the piston seals on the Roeketdyne- 
designed tester performance was carried out by SSFL and, to a lessor degree, 
by MSFC. It was expected that removal of the piston seals would result in an 
increase in indentation of the sample disc; however, as shown by the penetra- 
tion function data plotted in Tigures 21 and 22, indentations obtained were 
not consistent with expectations. At high temperature, the greatest indenta- 
tion occurred at high pressure. At high temperature and ambient pressure, 
the indentations produced by the SSFL tester with no seals installed were 
only slightly greater than with seals. However, the reverse was seen on the 
MSFC tester under the same conditions. The WSTF tester produced smaller in- 
dentations at any given condition than either the MSFC or SSFL testers 
(Figs. 20 and 23). On all testers the penetration function was least at LOX 
temperature and high pressure. 

When all testers were compared at the same conditions , by the penetra- 
tion function (Figs. 24, 25, and 26), it was found that the MSFC/SSFL testers 
gave a greater impact indentation than the WSTF tester and that the MSFC gave 
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TABLE 2. HIGH PRESSURE TESTER PENETRATION FUNCTION CURVE PARAMETERS 


Source 

Temperature 

Pressure 

Additional 

Conditions 

Forced Regression Line 

Enforced Regrt-M-ion 
Line 

AO 

A1 

c 1 Line 

\ I 

R 

A0 

A1 

MSFC 

A mb 

Amb 


0.0 

0.184 807 

1.26172 E-02 

5.61595 E— 05 

0. 97345 

0. 140462 

0. 1' 419- 

MSFC 

Amb 

Amb 

Nr. eals 

0.0 

0.171700 

1.907x3 e-03 

3.27057 E-05 

0.99690 

0.07x0"3 

u. R 224 j 

MSFC 

Amb 

3.4 x 10 r 


0.0 

0. 1658*4 

1« 73«;M"i E— 02 

6. 55S06 E-05 

0. 96075 

0.121739 

0. 14S"31 

MSFC 

LOX 

Amb 


0.0 

0.095314 

9. 84905 E-03 

3. 84671 E-05 

0.93x18 

0.0X6493 

0.-'4'3f 

MSFC 

LOX 

3.4 x 10' 


0.0 

0.086283 

1. 10980 E-02 

4. 98592 E-05 

0.90664 

0.134443 

0. U69~C'' 

SSFL 

73 

Amb 


0.0 

0.195317 

3.50820 E-03 

2. 73544 E-05 

0.99601 

0.012867 

0. 11362' 

SSFL 

Amb 

Amb 


0.0 

0.153333 

2. .”>6528 E-03 

1. 25749 E-05 

0,99391 

0.00"62x 

U.1'213 

SSFL 

LOX 

Amb 


0.0 

0.091043 

2.91479 E-04 

2. 27274 E-06 

0. 99853 

-0. 00*504 

0. 0921' 

SSFL 

73 

Amb 

No seals 

0.0 

0.196746 

8.11862 E-03 

6. 33031 E-05 

0.99117 

— 0*003755 

0. 19"24*- 

SSFL 

Amb 

Amb 

No seals 

0.0 

0.175434 

2.21107 E-03 

1. 72403 E-05 

0.99694 

-0.000992 

0. 175364 

SSFL 

LOX 

Amb 

No seals 

0.0 

0.094189 

1.91312 E-03 

1.49171 E-05 

0. 99161 

-0.031825 

0.u9x3"2 

SSFL 

73 

3.4 x 10 T 


0.0 

0.223546 

1.18817 E-01 

9. 30902 E-04 

0.92302 

-0.06337 

0.231653 

SSFL 

Amb 

3. 4 x 10’ 


0.0 

0.152961 

4.13695 E-03 

2.02792 E-05 

0.96919 

0.047262 

0.14590” 

SSFL 

LOX 

3.4 x 10 : 


0.0 

0.0S911S 

6.0x296 E-0-1 

2.98181 E-06 

0. 9560 1 

0.00323- 

0, 

WSTF 

Amb 

Amb 


0.0 

0.139128 

2. 71317 E-03 

9. 80665 E-06 

0. 99264 

0.006231 

0,13~2“4 

WSTF 

Amb 

3.4 x 10 7 


0.0 

0.107795 

5. 89091 E 03 

2. 56127 E-05 

0. 97806 

-0.126135 

0. 125912 

WSTF 

LOX 

3.4 x 10 7 


0.0 

0.028318 

4. 88802 E-03 

3. 52501 E-05 

0.76201 

-0.063213 

0.036706 



a grealor impact indentation than the SSFL tester except at LOX conditions. 
The LOX temperature data were generated at -145±5*C for the MSFC/SSFL 
testers and at temperatures between -183*C and -119°C for the WSTF tester. 
Therefore, a direct comparison of the data does contain some error; however, 
this error is not believed to be large. 

It was found that the ABMA tester produced the largest indentation at a 
given temperature; therefore, reference testers were selected. The WSTF 
ABMA tester was chosen as the ambient temperature reference tester and the 
KSC ABMA tester as the LOX temperature reference tester because each gave 
the largest indentation at the respective temperatures. Using the penetration 
function, equivalent energy plots were made. The results of the comparisons 
of the high pressure testers with the respective reference testers are given in 
Figures 27, 28, and 29. As seen from these figures, it is clear that the 
pressurized testers do not place the same magnitude of stress on a sample as 
does the ABMA tester. Of the two types of testers, the Rocketdyne design 
approaches more closely the ABMA tester in specimen penetration than does 
the WSTF tester, especially at LOX conditions. 


Phase II: Material Round-Robin Tests 

Discussion and Experimental Procedure. The purpose of this round- 
robin test program was to determine reaction sensitivity and energy threshold 
levels of several materials under standardized conditions in the high-pressure 
and ABMA test systems. Material procurement and sample fabrication were 
done by MSFC. WSTF cleaned, packaged, and submitted all test samples to 
participating test facilities. Each type of material was from one lot and samples 
were randomly distributed. The selected materials were chosen according to 
past history of reaction rates. The test materials were as follows: 

Highly Reactive — Nylon 6/6 

Moderately Reactive — Rulon A® and FEP Teflon® 1 

Minimally Reactive — TFE Teflon® and 15 percent graphite filled 

TFE Teflon® 1 

Exact procedures were established for all test facilities to eliminate as 
many variables as possible that could effect test results. A number of precau- 
tions such as purging, running blanks, and changing striker pins and cups were 


1. Testing of these materials was optional. 
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taken to enhance cleanliness of the test systems. Energy threshold deter- 
minations were made for each of the selected materials at 3.4 x 10 7 Pa in 
LOX and ambient temperature GCX. Energy thresholds were also determined for 
each of the materials on the AEMA testers with similar precautions. Re- 
action rates were generally determined by making 20 drops at 10 kg-m at each 
test condition, regardless of the number of reactions. 


Test Results 


ABMA LOX Impact Tests - The results of the ABMA ambient pressure 
LOX round-robin impact tests are summarized in Table 3. These tests reveal 
that the four ABMA testers produced essentially identical results. In part, 
the four threshold levels determined for Nylon 6/6 were in exceptionally 
good agreement. The single reaction for the graphite-filled TFE at WSTF is 
not sufficient cause for rejection since one more reaction in an additional 
40 drops is required by either MSFC-SPEC-106B [1] or NHB 8060. 1A [3] before 
the material is considered to be reactive at this energy level. 

High Pressure Impact Tests - The threshold energy level determined 
for the five test materials at 3.4 x 10 7 Pa are summarized in’ Table 4. Be- 
cause of its high degree of reactivity and damage potential to the test 
systems, Nylon 6/6 was not fully evaluated. 

The detailed test results at each energy level are shown in Table 
6. All three impact testers had essentially the same threshold levels for 
graphite-filled TFE in LOX and ambient temperature G0X, and for Rulon A® in 
LOX. For the remaining materials and test conditions, the MSFC and Rocket- 
dyne impact testers produced essentially identical threshold energy levels 
while the WSTF impact tester produced lower threshold energy levels . 

Several retest test series were conducted by WSTF because of test results 
obtained with TFE Teflon® in 3.4 x 10 7 Pa, ambient temperature GOX. An 
energy threshold of 1 kg-m was determined during the initial test series 
which strongly disagreed with the MSFC/SSFL result of 10 kg-m as an energy 
threshold. WSTF performed two more test series of 20 drops each at the 
same conditions and obtained a threshold of 10 kg-m each time. The reason 
for this wide difference in data from the WSTF tester remains unknown. All 
variables such as packaging, contamination of the samples or test system, 
and surface anomalies of the strikers and/or cups were discounted as a 
possible cause for the reactions in the first test series. Consequently, 
all three TFE Teflon® test results were considered valid. In addition, 

WSTF retested the majority of the other materials in high pressure oxygen 
at 10 kg-m. These additional test data seemed to support the previous test 
results. Table 4 presents a summary of these threshold data. 
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TABLE 3. ABMA IMPACT TESTER TEST RESULTS 















TABLE 5. HIGH PRESSURE IMPACT TEST RESULTS AT 3.4 x 10 7 Pa 






0/20 


TABLE 5. (Continued) 












DISCUSSION 


I luring the initial planning utagao of this test program, it was 
i-vcogn : red that careful precautions to keep variables to a minimum would be 
repaired so that differences between each test apparatus could be determined 
rather than differences caused by cleaning procedures , test conditions (e.g. 
pressure and temperature), material lot variability, et ?. Because of the 
diligent efforts to eliminate these variables, the data presented in this 
reoort are considered valid for determining energy delivery by a mechanical 
impact tost system and for determining the reaction sensitivity of materials 
to mechanical impact in oxygen. 

It. was known throughout the test program that basic design differ- 
ences between the high pressure WSTF-and Rocketdyrio-decigned test systems 
could possibly create differences in test results-, however , the extent or 
the trend of teat results caused by these differences was unknown. There- 
fore, two additional objectives with regard to energy delivery were planned: 
(1) the reproducibility of the Rocketdyne designed testers would be deter- 
mined, and (2) the WETF design could be compared to that of the Rocketdyne 
design. The detail-cd design differences are listed in Appendix Cj however, 
the basic distinctions are the base, the mounting of the sample cup, and the 
striker pin assembly. These differences can be seen in the details shown in 
Figures 2 and 3. 

Another variable in design which could affect energy delivery 
inherent only to the Rocketdyne 3SFL/MSFC testers was the effect of fric- 
tional energy losses from the Omniseals® during the dynamic response of the 
striker assembly. A previous study (performed by Rocketdyne) of this energy 
loss due to the seals, determined by a similar test method (see Appendix D) , 
showed an energy loss of 9 to lb percent. Figures 21 and 22 also show that 
energy losses caused by these seals appear to be independent of energy levels. 
Ac explained in a previous section of this report (Phase I: Energy Input 
btudy ) , anomalies in the data were found in that the "seals" data fell below 
the "no-seal" data during one test series at MSFC and one at 3SFL. The 
reasons for this remain unknown-, however, the trend suggested in this report 
and supported by previous data presented in Appendix D shows that frictional 
energy losses below 5 kg-m do not seem to differ significantly from those 
at levels greater than 5 kg-m. 

Figures 16 through 23 graphically present results obtained by the 
individual testers. These results were as expected in that the higher the 
temperature the greater the indentation. Figures 16 through 20 also show the 
individual data points demonstrating the reproducibility of each tester at any 
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given energy level. In general, the cun Rocketdyne -designed testers showed 
excellent correla-ion. The WSTF tester also had excellent correlation with the 
Rocketdvne-deslgned testers at ambient pressure and temperature, but as the 
temperature decreased and the pressure increased, considerable data scatter 
was observed. (See Table 2 for exact correlation factor calculations,) 

Figures 24, 25, and 26 give direct comparison curves of the high- 
pressure Impact testers using the calculated penetration functions (Appendix B). 
As stated before, the MSFC /SSFL testers showed greater impact Indentations 
than WSTF, and the MSFC tester gave greater Impact indentations than the SSFL 
tester except at LOX conditions. Also, Figures 27, is, and 29 show compara- 
tive curves demonstrating that the MSFC/SSF 1 testers closely approach the 
energy delivered by the ABMA test system. 

When correlating this energy input with the n derial round-roblr test 
series (Phase II), some rather unexpected results were found. From all the 
graphs and curves generated from high-pressure tester data (Figs. 16 through 
29), it was anticipated that the MSFC SSFL testers would produce the most 
reactions while the WSTF tester would produce the least. A summary of the 
high-pressure energy thresholds of the materials involved I: round-robin tests 
Is contained In Table 4 with all individual test series data presented in Table 5. 
As can be seen from these test results, Jie MSFC anu SSFL energy thresholds 
are within 1 kg-m of each other. As explained further in this report, these data 
correlate very well with the energy input curves. Surprisingly, WSTF produced 
lower energy thresholds for Rulon , FEP Teflon®, and in one case much 
lower thresholds for TFE Teflon® at ambient temperature. During the initial 
test series, WSTF had determined a threshold of 1 kg-m at 3.4 x 10' Pa ambient 
temperature GOX while MSFC and SSFL determined the threshold to be 10 kg-m 
at identical conditions. Upon subsequent retests of TFE Teflon® at the same 
conditions, WSTF found the threshold to be 10 kg-m two different times. The 
reason for this difference in data is unknown; however, sample or test system 
contamination was discounted as a possible cause. Threshold determinations by 
WSTF for the remaining materials were essentially equal to those obtained by 
MSFC and SSFL. 

Analysis of Figure 28 shows that for the WSTF high-pressure tester at 
ambient temperature, a change of 2 kg-m in the indicated energy level resulted 
in a change of only 1 kg-m in the actual energy level (ABMA equivalent). 

Similar analysis of Figure 29 for the WSTF high-pressure tester at cryogenic 
temperatures implies a change of 4 kg-m In indicated energy level is required 
to provide a change of 1 kg-m in the actual energy level. 

Figures 2b and 29 show that MSFC and Rocketdyne testers actual energy 
level is approximately 80 percent of the indicated energy level. 
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■•no ponulblo explanation tor tne Jkwer energy transfer found with 
the rtGTF fester 1 ♦it*- wav the unit i 1 placed on the drop tower. The unit 
i 5 supported in the -iron tower by a hollow pipe on which the threaded anvil 
nut (Fig. *) in not directly supported. This nut may deflect slightly due 
to thread deformation, thereby absorbing some increment of the impact 
energy delivered by the plummet. Modification of the test stand such that 
the nut Is fully supported by the base plate or an anvil plate may eliminate 
many of tne differences noted in the energy input study. 

All ABMA impact test data from Phase I and Phase II gave excellent 
reproducibility. Figure:; 7 through lb demonstrate the tester-to-tester re- 
prodioubilitv and minimal lata scatter per any given energy level. The 
round -rob in test- results (Table 3) support the consistency of the ABMA 
♦ester with all energy thresholds being essentially equal between the four 
participating test facilities. 

There are a number of variables in the high pressure test systems, 
such ar; the dynamic response of the striker assemblies, seal friction, and 
the energy associated with rebounds, which are still not totally understood. 
However, through standardization of procedures and test apparatus, an 
excellent screening device could be obtained for determining the reaction 
sensitivity of materials to mechanical impact in high pressure oxygen 
systems . 

CONCLUSIONS 


Data obtained in the energy input study (Phase I) and the subse- 
quent round-robin material tests (Phase II) indicated the following: 

ABMA Teat System — 

1) The ABMA test systems delivered more energy than the high 

pressure test systems. 

2) ABMA mechanical impact testers operated by KSC, MSFC, Rocket- 
dyne (3SFL), and W3TF produced essentially identical results in Phase I and 
Phase II tests. 

3) Generally, the accuracy of the data produced in Phase I (energy 
input study) and material energy thresholds from Phase II (round-robin mate- 
rial tests )have an accuracy of at least +1 kg-m. 


46 


Kofl.ctilv no-Dcsigned High Pressure Test System 


1) The MSFC ami Hortaddyne (SSFI.) high-pressure impact testers 
delivered nearly the same amount o! energy to the test .samples in both I). 4 » 
10 Pa I, OX and COX. 


2) Reproducibility of the testers for actual material energy thresholds 
and energy input seems to have an accuracy of 1 1 kg-m. 

3) In comparison to the amount of energy delivered by the ABMA tester, 
the tester delivered at least the following: 

a) 7 f, percent at 3.4 « 10 Pa, LOX 

b) HO percent at 8.4 ■ it) Pa, GOX 

c) HO percent at ambient pressure and temperature. 

WSTF-Designod High Pressure Test System — 

1) In comparison to the amount oi energy delivered by the ABMA tester, 
the WSTF tester delivered the following: 

a) 25 percent at the 3.4 * 10‘ Pa, LOX 

b) 55 percent at the 3.4 > 10‘ Pa, GOX 

c) 75 percent at ambient pressure and temperature. 

2) The WSTF high-pressure mechanical impact tester produced material 
reactions at the same or lower energy levels (i.e., lower plummet heights) than 
did the MSFC and Boeketdyne testers. This is contrary to the trend suggested 
by the energy input study, and indicates that factors other than total input energy 
to the sample influenced material reactivity. 


General — 


1) The use of energy input and penetration measurements is a good 
method for analyzing the performance of an impact tester but does not provide 
a measurement of other parameters which may contribute to a materials 
reactivity. 
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«') As 
• in' 1 apparatus 


•shown Ay the ABM A tost data, standardization of procedures 
can load to oona latently reproducible results. 


RECOMMENDATIONS 


The following recommendations will improve the reproducibility, 
reduce the maintenance, and ensure the accuracy of each test system without 
changing previous oxygen-compatibility data now considered *o be valid. 

General — 


Procedure (s) for the calibration of all impact test systems should 
be implemented. Calibration procedures could classify, establish, and 
measure critical parameters which could l<* used to evaluate system perform- 
ance at any time. 

ABMA Test System — 

A design review of the basic ABMA drop tester should be performed 
to eliminate several inherent design deficiencies and make the following 
improvements : 

1) An improved guide rail system for more rigidity and ensured 
alignment. 

2) The spider assembly should incorporate correct bearing design 
to withstand and properly distribute rebound loads (this has to be imple- 
mented with the guide rail improvement). 

3' Increase the mass of the baseplate to improve system rigidity 
at maximum impact loading (and to eliminate the need for special foundations) 

4) To maintain consistency between the high pressure and ABMA 
test procedures, it is recommended that rebound catchers be used in all 
systems. Even though test results may differ from previous published ABMA 
data, incorporation of a catcher would be necessary for standardization of 
test methods. 

5) Use local test site gravity constants for establishing drop 
heights and timing values. 
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High Pressure Test system — 

A standard mechanical impact tester should be developed and utilized to 
qualify materials for service in high-pressure oxygen systems. Use of a 
standard tester configuration by all facilities performing high pressure impact 
testing would permit better comparison of test data, reduce the incidence of 
redundant testing of materials, and permit development of a standard universal 
test procedure. 
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APPENDIX A 


FINAL REPORT - SPECIAL TASK ASSIGNMENT 033 

1. INTRODUCTION 


Five different lots of E. I. DuPont's Vespel SP-211 and the 3M Company's 
Kel-F (molded into raw stock by the Fluorocarbon Company) were procured and 
supplied to NASA /MS i C by Rocketdyne lor the evaluation of oxygen compatibility 
lot “to ~lot variability and test result reproducibility between MSFC and SSFL 
facilities oxygen impact testers. Hocketdyne's Material and Processes Oxygen 
Laboratory (SSFL) performed LOX compatibility impact testing per MSFC- 
SPEC -10 IB to determine energy thresholds at predetermined test conditions. 

The purpose of this report is to present and compare the test results 
submitted by MSFC to those obtained by Rocketdyne. 

2. RESULTS 


E, I. DuPont's Vespel SP-211 (Lot Numbers 1569, 164(5, 9184, 1888, 
and I89(i) and Fluorocarbon's Kel-F (1,01 Numbers 683, 686, 687, 689, and 
693*) were procured and machined to 11/16-in. diameter impact specimens. 
Vespel SP-211 lots were tested at a specimen thickness of 0.060 in. and 0.015 
in., while all lots of Kel-F w’ere machined to a sample thickness of 0.050 in. 
Table A-l presents all test results submitted by MSFC and SSFL with minimal 
receiving/inspection data received from White Sands Test Facility (WSTF) . 

The arrows in the table point out comparable data between test facilities from 
which conclusions were drawn. As can be seen, only 17 data points could be 
used for comparison purposes. Table A-l also summarizes the data for lot-to- 
lot and tester-to-tester variation determinations. 

SSFL test results for five lots of Vespel SP-211 showed excellent 
consistency (see Table A-l) ; i.e. , all passed at 8800 psi, LOX, 5 kg-m. 

MSFC results were to the contrary, however, with four out of five lots failing 
at the preceding test conditions. (Note that the fifth lot was only tested at the 
4 kg-m energy level.) A reduction in sample thickness produced increased lot 
variation with 60 percent of the lots passing and 40 percent failing at SSFL while 


1. Kel-F lot numbers are supplied from Minnesota Mining Co. for the basic 
resin. 
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MSFC failed all live. The five lots of Kel-F had a wider spread of energy 
thresholds, ranging from - 2. OH to 5 kg-ni with only one lot passing the f> kg-m 
level at h« 00 psi, LOX at SSFL. 

Comparable test data between test facilities listed in Table A-2 deter- 
mined interesting but disturbing differences in test results of identical lots of 
material. SSFL and WSTF had 100 percent agreement of results. WSTI and 
MSFC test results agreed 40 percent and SSFL and MSFC concurred with only 
30 percent of the test results. 

3. DISCUSSION 


The causes for the poor reprodicibility of impact testing remains largely 
unexplained. There are, however, a number of possibilities which should be 
explored. Some of these concerns include: 

a) Temperature controls and monitors. 

b) Methods of examining impact test specimens and interpretation of 
results. 


e) Contamination control. 

d) Differences in the impact testers at MSFC, SSFL, and WSTF, i.e. , 
seal loading drag, friction losses, etc. 


4. CONCLUSIONS 


The following conclusions resulted from reviewing data contained in 
Table A-l: 

a) Lot-to-lot oxygen compatibility valuation for Vespel SP-211 was 
minimal according to test results attained by the SSFL impact tester. Test 
results were consistent, in that, no reaction in 20 drops occurred for each of 
the five lots at test conditions of 8800 psi, LOX, 5 kg-m with a sample thickness 
of 0.050 in. A reduction in sample thickness did, however, increase variation 
to the extent of one lot failing to meet the same temperature and pressure levels 
at 2 kg-m. MSFC results showed a greater lot-to-lot variance with energy 
thresholds at 0.050 in. being <4 kg-m and all five lots failing the 5 kg-m energy 
level with a sample thickness of 0.015 in. 
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I>) Lot-to-lot oxygen compatibility variation oi Kel-F was considerably 
more than Vespel SP-211. Energy thresholds determinations made from MSFC 
and SSF1. ranged from - 2. OH to .*i Kg-m at HHOO psi, LOX with a sample thick- 
ness of o.or.o in. 


c) Tester-to-tester test result reproducibility of identical lots of Kel-F 
and Vespel SP-211 to the same test parameters was poor. From comparable 
data, MSFC failed 6, r > percent of the materials passing impact testing at SSFL. 

fi. RECOMMENDED ACTION 

Rockotdyne concurs with the recommendation that a meeting be held with 
the appropriate MSFC, Rocketdyne, and White Sands Test Facility personnel to 
discuss the causes for the wide discrepancy in test results. Rocketdyne 
suggests that this meeting be held before the end of the year 1976 due to the 
importance of the conclusions reached by the results of this task. 
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TABLE A-l. OXYGEN COMPATIBILITY IMPACT TEST RESULTS 


\ 


Material 

Thickness 

Pressure 

Energy 

MSFC 

SSFL 

WSTF 

(Inches) 

(psi) 

(Kg-m) 

Results 

Results 

Results 


Vespel SP-211 

0.050 

8800 

7 


0/20 


Batch 1569 

0.045 

8800 

5 





0/20 




4 

0/20 

— 

— - 


0.015 

8800 

5 

3/3 

2/7 

— 




4 


2/20 

— 




3 

— - 

1/2 





2 

— 

2/33 

— 

Vespel SP-211 
Batch 1646 

0.050 

8800 

7 

1/6 

0/20 

— 




5 

1/17 

— 

0/20 




4 

0/20 

— 

— - 


0.015 

8800 

5 

3/3 

2/24 

--- 




4 

— 

0/20 


Vespel SP-211 
Batch 9184 

0.050 

8800 

5 

1/9 

— 

0/20 




4 

1/14 

— 

— 


Q.Q15 

8800 

5 

3/3 

0/20 


Vespel SP-211 
Batch 1888 

0.050 

8800 

5 

2/2 

0/20 

— 


0.015 

8800 

5 

2/2 

0/20 

— 

Kel-F 
Lot 689 

0.050 

8800 

5 

2/2 

2/4 

— 



4 


1/20 

— 




3 

0/20 

— 

— 


0.050 

5500 

7 

2/2 

- - - 



TABLE A-l. (Continued) 


Material 

Thickness 

(inches) 

Pressure 

(psi) 

Energy 

(Kg-ir) 

MSFC 

Results 

SSFL 

Results 

HSTF 

Results 

Kel-F 
Lot 687 

0.050 

8800 

10 

--- 

1/1 

— 




8 

--- 

1/1 

— 




6 

— 

2/2 

— 




5 

4/4 

0/20 

... 



5500 

7 

2/2 

— 






5 

— 

0/20 

— 

Kel-F 
Lot 693 

0.050 

8800 

5.54 

2/2 

- - 

— 




5 

— 

1/6 

— 




4.86 

2/3 

— 

— 




4.17 

2/3 

— 

— 




4 

— 

2/11 

— 




3 

--- 

0/22 

— 

Vespel SP-211 
Batch 1896 

0.050 

8800 

5 

1/11 

0/20 

--- 


0.015 

8800 

5 

1/11 

0/20 

— 

Kel^F 
Lot 683 

0.050 

8800 

10 

1/1 

— 

— - 




7.62 

1/1 

— 





5.54 

1/1 

— 

— 




5 

— 

2/24 

— 




4.86 

1/1 

— 

... 




2.08 

1/1 

— 

. « » 


0.050 

5500 

6.95 

1/1 

— 

... 




5.54 

1/1 

— 

... 




4.86 

3/5 

.. _ 

_ — — 


TABLE A-l. ( C included) 
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APPENDIX B 


ENERGY INPUT STUDY RAW DATA 


Appendix B contains all the uw data from KSC, WSTF, MSFC and 
Hocketdyne (SSFL) from which all graphs to the body of this report were 
determined. Table B-l summarizes the raw data contained in Table B-?. 
Comments have also been included to provide pertinent information regarding 
a particular test series. 
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AW DATA 



Without seals 




r 


m 

• ^ 

« 

TABLE B-l. (Concluded) 


Disc 

Source 

Tester 

Test Condition 

Consents 

No’s 



D 

PSI 

MN/M 2 


365-376 

SSFL 

HP 

AMB 

AMB 

AMB 

Without seals 

377-388 

SSFL 

HP 

-145 

AMB 

AMB 

Without seals 

389-399 

SSFL 

HP 

74 

5000 

34.5 

With seals j 

400-423 

SSFL 

HP 

AMB 

5000 

34.5 

With seals 

424-445 

SSFL 

HP 

-145 

5000 

34.5 

With seals 

446-475 

WSTF 

HP 

AMB 

AMB 

AMB 


476-503 

WSTF 

HP 

AME 

5000 

34.5 


504-530 

WSTF 

HP 

LOX 

5000 

34.5 

WSTF does not have temperature measurement 
capabilities for the high pressure tester 
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TABLE B-2. RAW DATA FROM KFO, WSTF, MSFC AND SSFL 
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TARI.E B-2. (Continued) 
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TABLE B-2. (Continued) 


Source 

Oise # 

Tester 

Temperature, 

(°c) 

Pressure, 

(Pa) 

Energy 
Level , 
(Kg-M) 

diameter, 

(In.) 

Diameter, 

(nwn) 

Calculated 

Penetration, 

(■») 

Calculated 

Penetration 

Squared 

KSC 

45 

ABMA 

LOX 

AMB 

1 

0.1610 

4.0894 

0.3387 

0.11 A* 

KSC 

46 

ABMA 

LOX 

AMB 

1 

0.1590 

4.0386 

0.3296 

0. 1087 

KSC 

47 

ABMA 

LOX 

AMB 

1 

0.1600 

4.0640 

0.3339 

0.1115 

KSC 

48 

ABMA 

LOX 

AMB 

1 

0.1590 

4.0386 

0.3296 

0. 1097 

KSC 

49 

ABMA 

LOX 

AMB 

1 

0.1600 

4.0640 

0.3339 

0.1115 

KSC 

50 

ABMA 

LOX 

AMB 

5 

0.2350 

5 .9690 

0.7451 

0.5551 

KSC 

51 

ABMA 

LOX 

AMB 

5 

0.2340 

5.9436 

0.7383 

0.5451 

KSC 

52 

ABMA 

LOX 

AMB 

5 

0.2340 

5.9436 

0.7383 

9.5451 

KSC 

53 

ABMA 

LOX 

AMB 

5 

0.2340 

5.9436 

0.7383 

9.5451 

KSC 

54 

ABMA 

LOX 

AMB 

5 

0.2330 

5.9182 

0.7316 

0.5353 

KSC 

55 

ABMA 

LOX 

AMB 

10 

0.2760 

7.0104 

1 .0551 

1 .1132 

KSC 

56 

ABMA 

LOX 

AMB 

10 

0.2750 

6.9850 

1.0467 

1.0956 

KSC 

57 

ABMA 

LOX 

AMR 

10 

0.2760 

7.0104 

1.0551 

1.1132 

KSC 

58 

ABMA 

LOX 

AMB 

10 

0.2750 

6.9850 

1 .0467 

1.0956 

KSC 

59 

ABMA 

LOX 

AMB 

10 

0.2760 

7.0104 

1 .0551 

1.1132 

MSFC 

60 

ABMA 

AMB 

AMB 

1 

0.1916 

4.8666 

0.4847 

0.2350 

MSFC 

61 

ABMA 

AMB 

AMB 

1 

0.1920 

4.8768 

0.4868 

0.2370 

MSFC 

62 

ABMA 

AMB 

AMB 

1 

0.1926 

4.8920 

0.4900 

0.2401 

MSFC 

63 

ABMA 

AMB 

AMB 

2 

0.2165 

5.4991 

0.6261 

0.3921 

MSFC 

64 

ABMA 

AMB 

AMB 

2 

0.2152 

5.4661 

0.6183 

0.3822 

MSFC 

65 

ABMA 

AMB 

AMB 

2 

0.2155 

5.4737 

0.6201 

0.3845 


TABLE B-2. (Continued) 
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TABLE B-2. (Continued) 


Source Disc # Tester Tewperature, 


Pressure, 

(Pa) 


Energy Calculated Calculated 
Level, Diameter, Diameter, Penetration, Penetration 
( Kg-M) (In.) (n»n) (nr) Squared 

(inn* ) 


MSFC 

89 

ABMA 

AMR 

AMB 

10 

0.3071 

7.8003 

1.3389 

1 .7926 

MSFC 

90 

ABMA 

AMB 

AMB 

10 

0.3047 

7.7394 

1.3153 

1 .7301 


MSFC 

91 

ABMA 

LOX 

AMB 

1 

0.1760 

4.4704 

0.4064 

0.1652 

MSFC 

92 

ABMA 

L0X 

AMB 

1 

0.1683 

4.2748 

0.3705 

0.1373 

MSFC 

93 

ABMA 

LOX 

AMB 

1 

0.1631 

4.1427 

0.3473 

0.1206 

MSFC 

94 

ABMA 

LOX 

AMB 

2 

0.1901 

4.8285 

0.4768 

0.2274 

MSFC 

95 

ABMA 

LOX 

AMB 

2 

0.1873 

4.7574 

0.4624 

0.2138 

MSFC 

96 

ABMA 

LOX 

AMB 

2 

0.1943 

4.9352 

0.4991 

0.2491 

MSFC 

97 

ABMA 

LOX 

AMB 

3 

0.2106 

5.3492 

0.5907 

0.3490 

MSFC 

98 

ABMA 

LOX 

AMB 

3 

0.2048 

5.2019 

0.5571 

0.3104 

MSFC 

99 

ABMA 

LOX 

AMB 

3 

0.2029 

5.1537 

0.5464 

0.2985 

MSFC 

100 

ABMA 

LOX 

AMB 

4 

0.2241 

5.6921 

0.6735 

0.4536 

MSFC 

101 

ABMA 

LOX 

AMB 

4 

0.2219 

5.6363 

0.6596 

0.4351 

MSFC 

102 

ABMA 

LOX 

AMB 

5 

0.2332 

5.9233 

0.7330 

0.5372 

MSFC 

103 

ABMA 

LOX 

AMB 

5 

0.2348 

5.9639 

0.7437 

0.5531 

MSFC 

104 

ABMA 

LOX 

AMB 

6 

0.2401 

6.0985 

0.7800 

0.6084 

MSFC 

105 

ABMA 

LOX 

AMB 

6 

0.2409 

6.1189 

0.7856 

0.6172 

MSFC 

106 

ABMA 

LOX 

AMB 

6 

0.2391 

6.0731 

0.7731 

0.5977 

MSF" 

107 

ABMA 

LOX 

AMB 

7 

0.2498 

6.3449 

0.8493 

0.7213 

ML 

108 

ABMA 

LOX 

AMB 

7 

0.2526 

6.4160 

0.8699 

0.7568 

H r .r C 

109 

ABMA 

LOX 

AMB 

7 

0.2497 

6.3424 

0.8485 

0.7200 


TABLE B-2. (Continued) 



Source 

Disc # 

Tester 

Temperature, 

rc) 

Pressure, 

(Pa) 

Energy 
Level , 
(Kg-M) 

Diameter, 

(In.) 

Diameter, 

(itm) 

Calculated 

Penetration, 

(un) 

Calclated 
Penetration, 
Squa red 

(bw ) 

MSFC 

no 

ABMA 

LOX 

AMB 

8 

0.2599 

6.6015 

0.9253 

0.8561 

MSFC 

111 

ABMA 

LOX 

AMB 

8 

0.2617 

6.6472 

0.9393 

0.8822 

MSFC 

112 

ABMA 

LOX 

AMB 

8 

0.2584 

6.5634 

0.9137 

0.8349 

MSFC 

113 

ACMA 

LOX 

AMB 

9 

0.2651 

6.7335 

0.9660 

0.9331 

MSFC 

114 

ABMA 

LOX 

AMB 

9 

0.2612 

6.6245 

0.9354 

0.8749 

MSFC 

115 

ABMA 

LOX 

AMB 

9 

0.2663 

6 . 7640 

0.9756 

0.9517 

MSFC 

116 

ABMA 

LOX 

AMB 

10 

P.2749 

6.9825 

1.0459 

1.0939 

MSFC 

117 

ABMA 

LOX 

AMB 

10 

0.2729 

6.9317 

1 .0292 

1.0594 

Msrc 

118 

ABMA 

LOX 

AMB 

10 

0.2712 

6.8885 

1.0152 

1.0307 


SSFL 

119 

ABMA 

AMB 

AMB 

1 

0.1788 

4.5415 

0.4199 

0.1763 

SSFl 

120 

ABMA 

AMB 

AMB 

1 

0.1783 

4.5288 

0.4175 

0.1743 

SSFL 

121 

ABMA 

AMB 

AMB 

1 

0.1790 

4.5466 

0.4209 

0.1771 

SSFL 

122 

ABMA 

AMB 

AMB 

2 

0.2143 

5.4432 

0.6128 

0.3755 

SSFL 

123 

ABMA 

AMB 

AMB 

2 

0.2124 

5.3950 

0.6014 

0.3617 

SSFL 

124 

ABMA 

AMB 

AMB 

2 

0.2135 

5.4229 

0.6080 

0.3697 

SSFL 

125 

ABMA 

AMB 

AMB 

3 

0.2305 

5.8547 

0.7150 

0.5112 

SSFL 

126 

ABMA 

AMB 

AMB 

3 

0.2310 

5.8674 

0.7183 

0.5160 

SSFL 

127 

ABMA 

AMB 

AMB 

3 

0.2319 

5.8903 

0.7243 

0.5246 

SSFL 

128 

ABMA 

AMB 

AMB 

4 

0.2469 

6.2613 

0.8282 

0.6859 

SSFL 

129 

ABMA 

AMB 

AMB 

4 

0.2520 

6.4008 

0.8655 

0.7491 

SSFL 

130 

ABMA 

AMB 

AML 

4 

0.2462 

6.2535 

0.8232 

0.6776 
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TABLE B-2. (Continued) 


Source 

Disc # 

Tester 

Temperature, 

rc) 

Pressure. 

(Pa) 

Energy 
Level , 
(Kg-M) 

Diameter, 

(In.) 

Diameter, 

(nvn) 

Calculated 

Penetration, 

(nm) 

Calculated 

Penetration, 

Squared 

(w> ? ) 

SSFL 

131 

ABM 

AMB 

AMB 

5 

0.2604 

6.6142 

0.9292 

0.8633 

SSFL 

132 

ABMA 

AMB 

AMB 

5 

0.2606 

6.6243 

0.9322 

0.8691 

SSFL 

133 

ABM 

AMB 

AMB 

5 

0.2627 

6.6726 

0.9471 

0.b«70 

SSFL 

134 

ABM 

AMB 

AMB 

6 

0.2760 

7.0104 

1 .0551 

1 .1132 

SSFL 

135 

ABM 

AMB 

AMB 

6 

0.2688 

6.8275 

0.9957 

0.9914 

SSFL 

136 

ABM 

AMB 

AMB 

6 

0.2725 

6.9210 

1.0258 

1 .0522 

SSFL 

137 

ABM 

AMB 

AMB 

7 

0.2817 

7.1552 

1.1037 

1 .2182 

SSFL 

138 

ABM 

AMB 

AMB 

7 

0.2811 

7.1399 

1 .0985 

1.2068 

SSFL 

139 

ABMA 

AMB 

AMB 

7 

0.2808 

7.1323 

1.0959 

1 .2011 

SSFL 

140 

ABM 

AMB 

AMB 

8 

0.2881 

7.3177 

1.1601 

1 .3458 

SSFL 

141 

ABM 

AMB 

AMS 

8 

0.2881 

7.3177 

1.1601 

1 .3458 

SSFL 

142 

ABM 

AMB 

AMB 

8 

0.2878 

7.3101 

1.1574 

1.3396 

SSFL 

143 

ABM 

AMB 

AMB 

10 

0.3025 

7.6835 

1 .2940 

1 .6744 

SSFL 

144 

ABM 

AMB 

AMB 

10 

0.3080 

7.823? 

1.3478 

1 .8166 

SSFL 

145 

ABM 

AMB 

AMB 

10 

0.2980 

7.5692 

1 .2510 

1 .5651 

SSFL 

146 

ABM 

AMB 

AMB 

1 

0.1746 

4.4348 

0.3997 

0.1598 

SSFL 

147 

ABM 

A ME 

AMB 

1 

0.1767 

4.4882 

0.4098 

0.1679 

SSFL 

148 

ABM 

AMB 

AMB 

2 

0.2093 

5.3162 

0.5831 

0.3400 

SSFL 

149 

ABM 

AMB 

AMB 

2 

0.2105 

5.3467 

0.5902 

0.3483 

SSFL 

150 

ABM 

AMB 

AMB 

3 

0.2324 

5.9030 

0.7276 

0.5294 




x TABLE B-2. (Continued) 


Source 

Disc # 

Tester 

Temperature, 

(°C) 

Pressure, 

(Pa) 

Energy 
Level , 
(Kg-M) 

Diameter, 

(In.) 

Diameter, 

(nr) 

Calculated 

Penetration, 

(mn) 

Calculated 

Penetration, 

Squared 

(nr' ) 

SSFL 

151 

ABM 

AMB 

AMB 

3 

0.2288 

5.8115 

0.7038 

0.4954 

SSFL 

152 

ABM 

AMB 

AMB 

4 

0.2484 

6.3094 

0.8391 

0 .7040 

SSFL 

153 

ABM 

AMB 

AMB 

4 

0.2488 

6.3195 

0.8420 

0.7089 

SSFL 

154 

ABF/ 

AMB 

AMB 

5 

0.2599 

6.6015 

0.9253 

0.8561 

SSFL 

155 

ABM A 

AMB 

AMB 

5 

0.2616 

6.6446 

0.9385 

0.8807 

SSFL 

156 

ABM 

AMB 

AMB 

6 

0.2697 

6.8504 

1.0030 

1 0060 

SSFL 

157 

ABM 

AMB 

AMB 

6 

0.2730 

6.9342 

1.0301 

1 .0610 

SSFL 

158 

ABM 

AMB 

AMB 

7 

0.2797 

7.1044 

1.0865 

1 .1805 

SSFL 

159 

ABM 

AMB 

AMB 

7 

0.2824 

7.1730 

1 .1098 

1.2317 

SSFL 

160 

ABM 

AMB 

AMB 

B 

0.2848 

7.2339 

1.1308 

1.2787 

SSFL 

161 

ABM 

AMB 

AMB 

8 

0.2890 

7.3406 

1.1682 

1.3646 

SSFL 

162 

ABM 

AMB 

AMB 

10 

0.2990 

7.5946 

1.2605 

1.5889 

SSFL 

163 

ABM 

AMB 

AMB 

10 

0.3001 

7.6225 

1.2710 

1 .6153 


WSTF 

164 

ABM 

AMB 

AM 

1 

0.1810 

4.5974 

0.4307 

0.1855 

WSTF 

165 

ABM 

AMB 

AMB 

1 

0.1832 

4.6533 

0.4416 

0.1950 

WSTF 

166 

ABM 

AM8 

AMB 

1 

0.1826 

4.6380 

0.4386 

0.1924 

WSTF 

167 

ABM 

AMB 

AMB 

1 

0.1818 

4.6177 

0.4346 

0.1889 

WSTF 

168 

ABM 

AMB 

AMB 

1 

0.1845 

4.6863 

0.4481 

0.2008 

WSTF 

169 

ABM 

AMB 

AMB 

1 

0.1805 

4.5847 

0.4282 

0.1834 

WSTF 

170 

ABM 

AM 

AMB 

3 

0.2375 

6.0325 

0.7621 

0.5808 

WSTF 

171 

ABM 

AMB 

AMB 

3 

0.2375 

6.0325 

0.7621 

0.5808 

WSTF 

172 

ABM 

AMB 

AMB 

3 

0.2365 

6.0071 

0.7553 

0.5704 


* 




TABI.E B-2. (Continued) 
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TABLE B-2. (Continued) 


Source Oise # Tester 


Temperature, 

rc) 


Pressure, 

(Pa) 


Energy 
Level , 
(Kg-M) 


Diameter, 

(In.) 


Diameter, 

(iwn) 


Calculated 

Penetration, 

("*") 


Calcula *d 
Penetrati - . 
Squared 

(«w ? ) 


MSFC 

196 

H.P. 

AMB 

AMB 

MSEC 

197 

H.P. 

AMB 

AMB 

MSFC 

198 

H.P. 

AT® 

AMB 

MSFC 

199 

H.P. 

AMB 

AMB 

MSFC 

200 

H.P. 

AMB 

AMB 

MSFC 

201 

H.P. 

AMB 

AMB 

MSFC 

202 

H.P. 

AMB 

AMB 

MSFC 

203 

H.P. 

AMB 

AMB 

MSFC 

204 

H.P. 

AMB 

AMB 

MSFC 

205 

H.P. 

AMB 

AMB 

MSFC 

206 

H.P. 

AMB 

AMB 

MSFC 

207 

H.P. 

AMB 

AMB 

MSFC 

200 

H.P. 

AMB 

AMB 

MSFC 

209 

H.P. 

AMB 

AMB 

MSFC 

210 

H.P. 

AMB 

AMB 

MSFC 

211 

H.P. 

AMB 

AMB 

MSFC 

212 

H.P. 

AMB 

AMB 

MSFC 

213 

H.P. 

AMB 

AMB 

MSFC 

214 

H.P. 

AMB 

AMB 

MSFC 

215 

H.P. 

AMB 

AMB 

MSFC 

216 

H.P. 

AMB 

AMB 

MSFC 

217 

H.P. 

AMB 

AMB 

MSFC 

218 

H.P. 

AMB 

AMB 


1 

0.1848 

4.6939 

0.4496 

0.2022 

1 

0.1871 

4.7523 

0.4613 

0.2128 

1 

0.1879 

4.7727 

0.4655 

0.2167 

2 

0.2238 

5.6845 

0.6716 

0.4511 

2 

0.2206 

5.6032 

0.6514 

0.4244 

2 

0.2217 

5.6312 

0.6583 

0 4334 

3 

0.2417 

6.1392 

0.7912 

0.6260 

3 

0.2423 

6.1544 

0.7954 

0.6327 

3 

0.2439 

6.1951 

0.8067 

0.6508 

4 

0.2590 

6.5786 

0.9183 

0.8433 

4 

0.2582 

6.5583 

0.9122 

0.8321 

4 

0.2587 

6.5710 

0.9160 

0.8391 

5 

0.2713 

6.8810 

1.0160 

1 .0324 

5 

0.2713 

6.8910 

1.0160 

1.0324 

5 

0.2714 

6.8936 

1.0169 

1.0341 

6 

0.2795 

7.0993 

1.0848 

1.1768 

6 

0.2823 

7.1704 

1 . 1089 

1.2297 

6 

0.2796 

7.1018 

1.0856 

1.1786 

7 

0.2904 

7.3762 

1.1808 

1.3943 

7 

0.2875 

7.3025 

1.1547 

1.3334 

B 

0.2942 

7.4727 

1.2156 

1.4777 

8 

0.2960 

7.5184 

1.2323 

1.5185 

9 

0.3034 

7.7064 

1.3027 

1 .6970 


TABLE B-2. (Continued) 


Source 

Oise # 

Tester 

Temperature, 

( e C) 

Pressure, 

(Pa) 

Energy 
Level , 
(Kg-M) 

Diameter, 

(In.) 

Diameter, 

(nw) 

Calculated 

Penetration, 

("*") 

Calculated 
Peneii ation, 
Squa red 

MSFC 

219 

H.P. 

AMB 

AMB 

9 

0.2964 

7.5286 

1.2360 

1 .5278 

MSFC 

220 

H.P . 

A MB 

AMB 

10 

0.3031 

7.6987 

1 .2998 

1 689« 

KSFC 

221 

H.P. 

AMB 

AMB 

10 

0.3068 

7.7927 

1 .3359 

1 .7847 

MSFC 

222 

H.P. 

AMB 

AMB 

10 

0.2940 

7.4676 

1.2137 

1.4731 


MSFC 

223 

H.P. 

AMB 

AMB 

1 

0.1916 

4.8666 

0.4847 

0.2 350 

MSFC 

224 

H.P. 

AMB 

AMB 

5 

0.2618 

6.6497 

0.9400 

0.8837 

MSFC 

225 

H.P. 

AMB 

AMB 

8 

0.2879 

7.3127 

1.1583 

1.3417 

MSFC 

226 

H.P. 

AMB 

AMB 

8 

0.2848 

7.2339 

1.1308 

1.2787 

MSFC 

227 

H.P. 

AMB 

AMB 

10 

0.3025 

7.6835 

1 .2940 

1.6744 

MSFC 

228 

H.P. 

AMB 

AMB 

10 

0.3038 

7.7165 

1.3066 

1 .7071 


MSFC 

229 

H.P. 

AMB 

3.4 

X 

10 7 

1 

0.2076 

5.2730 

0.5732 

0.3286 

MSFC 

230 

H.P. 

AMB 

3.4 

X 

10 7 

10 7 

10 7 

10 7 

10 7 

10 7 

1 

0.2073 

5.2654 

0.5715 

0.3266 

MSFC 

231 

H.P. 

AMB 

3.4 

X 

3 

0.2413 

6.1290 

0.7884 

0.6216 

MSFC 

232 

H.P. 

AMB 

3.4 

X 

3 

0.238° 

6.0681 

0.7717 

0.5956 

MSFC 

233 

H.P. 

AMB 

3.4 

X 

3 

0.2404 

6.1062 

0.7821 

0.6117 

MSFC 

234 

H.P. 

AMB 

3.4 

X 

5 

0.2812 

7.1425 

1 .0994 

1 .2087 

MSFC 

235 

H.P. 

AMB 

3.4 
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5 

0.2702 

6.8631 

1.0071 

1 .0142 

MSFC 

236 

H.P. 

AMB 

3.4 
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10 7 
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0.2687 

6.8250 

0.9949 

0.9898 

MSFC 

237 

H.P. 

AMB 

3.4 

X 

10 7 

7 

0.2895 

7.3533 

1.1727 

1.3752 
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TABLE B- 2 . (Continued) 
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bource Disc lester ( . c) (Pa) (Kg-M) (In.) (art) (m) Squared 
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TABLE B-2. (Continued) 


Source 

Oise # 

Tester 

Temperature, 

(°C) 

Pressure, 

(Pa) 

Energy 
Level , 
(Kg-M) 

Diameter, 

(In.) 

Diameter, 

(mn) 

Calculated 

Penetration, 

(nm) 

Calculated 

Penetration, 

Squared 

) 

SSFL 

370 

H.P. 

AMP 

AMB 

5 

0.2631 

6.6827 

0.9502 

0.9029 

SSFL 

371 

H.P. 

AMB 

AMB 

7 

C.2821 

7.1653 

1.1072 

1 .2259 

SSFL 

372 

H.P. 

AM8 

AMB 

7 

0.2824 

7.1730 

1.1098 

1 .2317 

SSFL 

373 

H.P. 

AMB 

AMB 

7 

0.2836 

7.2034 

1 .1203 

1 .2550 

SSFL 

374 

H.P. 

AMB 

AMB 

10 

0.3004 

7.6302 

1.2738 

1 .6326 

ssrL 

375 

H.P. 

AMB 

AMB 

10 

0.3071 

7.8003 

1.3389 

1.7926 

SSFL 

376 

H.P. 

AMB 

AMB 

10 

0.3077 

7.8156 

1.3448 

1.8086 

SSFL 

377 

H.P. 

LOX 

AMB 

1 

0.1513 

3.8430 

0.2977 

0.0886 

SSFL 

378 

H.P. 

LOX 

AMB 

1 

0.1545 

3.9243 

0.3108 

0.0966 

SSFL 

379 

H.P. 

LOX 

AMB 

1 

0.1583 

4.0208 

0.3266 

0.1067 

SSFL 

380 

H.P. 

LOX 

AMB 

5 

0.2183 

5.5448 

0.6372 

0.4060 

SSFL 

381 

H.P. 

LOX 

AMB 

5 

0.2215 

5.6261 

0.6571 

0.4318 

SSFL 

382 

H.P. 

LOX 

AMB 

5 

0.2135 

5.4229 

0.6080 

0.3697 

SSFL 

383 

H.P. 

LOX 

AMB 

7 

0.2447 

6.2154 

0.8124 

0.6600 

SSFL 

384 

H.P. 

LOX 

AMB 

7 

0.2455 

6.2357 

0.8181 

0.6693 

SSFL 

385 

H.P. 

LOX 

AMB 

7 

0.2440 

6.1976 

0.8074 

0.6520 

SSFL 

386 

H.P. 

LOX 

AMB 

10 

0.2676 

6.7970 

0.9860 

0.9722 

SSFL 

387 

H.P. 

LOX 

AMB 

10 

012695 

6.8453 

1.0014 

1 .0027 

SSFL 

388 

H.P. 

LOX 

AMB 

10 

012662 

6.7615 

0.9748 

0.9502 

SSFL 

389 

H.P. 

HIGH 

3.4 x 10 7 

1 

0.1878 

4.7701 

0.4649 

0.2162 

SSFL 

390 

H.P. 

HIGH 

3.4 x 10 7 

1 

0.1841 

4.6761 

0.4461 

0.1990 


TABLE B-2. (Continued) 


Source 

Disc # 

Tester 

Temperature, 

(°C) 

Pressure, 

(Pa) 

Energy 
Level , 
(Kg-M) 

Diameter, 

(In.) 

Diameter, 

(urn) 

Calculated 

Penetration, 

(nr) 

Calculated 

Penetration 

Squared 

, 2 . 

(rvn ) 

SSFL 

391 

H.P. 

HIGH 

3.4 x 10 7 

1 

0.1898 

4.8209 

0.4753 

0.2259 

SSFL 

392 

H.P. 

HIGH 

3.4 x 10 7 

5 

0.2687 

6.8250 

0.9949 

0.9898 

SSFL 

393 

H.P. 

HIGH 

3.4 x 10 7 

5 

0.2697 

6.8504 

1 .0030 

1 .0060 

SSFL 

394 

H.P . 

HIGH 

3.4 x 10 7 

7 

0.2913 

7.3990 

1.1890 

1 .4137 

SSFL 

395 

H.P. 

HIGH 

3.4 x 10 7 

7 

0.2929 

7.4397 

1.2036 

1 .4487 

SSFL 

396 

H.P. 

HIGH 

3.4 x 10 7 

7 

0.3046 

7.7368 

1.3143 

1.7275 

SSFL 

397 

H.P. 

HIGH 

3.4 x 10 7 

10 

0.3467 

8.8062 

1.7745 

3.1488 

SSFL 

398 

H.P. 

HIGH 

3.4 x 10 7 

10 

0.3085 

7.8359 

1.3528 

1 .8300 

SSFL ‘ 

399 

H.P. 

HIGH 

3.4 x 10 7 

10 

0.3119 

7.9223 

1.3869 

1 .9236 

SSFL 

400 

H.P. 


3.4 x 10 7 

1 

0.1708 

4.3383 

0.3820 

0.1459 

SSFL 

401 

H.P. 

AMB 

3.4 x 10 7 

1 

0.1734 

4.4044 

0.3941 

0.1553 

SSFL 

402 

H.P. 

AMB 

3.4 x 10 7 

1 

0.1705 

4.3307 

0.3806 

0.1449 

ssrL 

403 

H.P. 

AMB 

3.4 x 10 7 

2 

0.2043 

5.1892 

0.5543 

0.3072 

SSFL 

404 

H.P. 

AMB 

3.4 x 10 7 

2 

0.2038 

5.1765 

0.5514 

0.3041 

SSFL 

405 

HP. 

AMB 

3.4 x 10 7 

2 

0.2044 

5.1918 

0.5548 

0.3079 

SSFL 

406 

H.P. 

AMB 

3.4 x 10 7 

3 

0.2269 

5.7633 

0.6915 

0.4782 

SSFL 

407 

H.P. 

AMB 

3.4 x 10 7 

3 

0.2252 

5.7201 

0.6806 

0.4632 

SSFL 

408 

H.P. 

AMB 

3.4 x 10 7 

3 

0.2247 

5.7074 

0.6774 

0.4588 

SSFL 

409 

H.P. 

AMB 

3.4 x 10 7 

4 

0.2482 

6.3043 

0.8376 

0.7016 

SSFL 

410 

H.P. 

AMB 

3.4 x 10 7 

4 

0.2469 

6.2713 

0.8282 

0.6859 

SSFL 

411 

H.P. 

AMB 

3.4 x 10 7 

4 

0.2477 

6.2916 

0.8340 

0.6955 

SSFL 

412 

H.P. 

AMB 

3.4 x 10 7 

5 

0.2592 

6.5837 

0.9199 

0.8462 




X 


Source 

Disc # 

Tester 

Temperature, 

(°c) 

SSFL 

413 

H.P. 

AHB 

SSFL 

414 

H.P . 

AMB 

SSFL 

415 

H.P. 

AMB 

SSFL 

416 

H.P. 

AMB 

SSFL 

417 

H.P. 

AMB 

SSFL 

418 

H.P. 

AMB 

SSFL 

419 

H.P. 

AMB 

SSFL 

420 

H.P. 

AMB 

SSFL 

421 

H.P. 

AMB 

SSFL 

422 

H.P. 

AMB 

SSFL 

423 

H.P. 

AMB 

SSFL 

424 

H.P. 

LOX 

SSFL 

425 

H.P. 

LOX 

SSFL 
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H.P. 

LOX 

SSFL 

427 

H.P. 

LOX 

SSFL 

428 

H.P. 

LOX 

SSFL 

429 

H.P. 

LOX 

SSFL 

430 

H.P. 

LOX 

SSFL 

431 

H.P. 

LOX 

SSFL 

432 

H.P. 

LOX 

SSFL 

433 

H.P. 

LOX 

SSFL 

434 

H.P. 

LOX 
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TABLE B-2. (Continued) 


Source 

Disc # 

Tester 

Temperature, 

(°C) 

Pressure, 

(Pa) 

Energy 
Level , 
(Ka-M) 

Diameter, 

(In.) 

Diameter, 

(iwi) 

Calculated 

Penetration, 

(«w) 

Calculated 
Penetration 
Squa red 

WSTF 

457 

H.P. 

A MB 

AMB 

5 

0.2500 

6.3500 

0.8507 

0.7238 

WSTF 

458 

H.P. 

AMB 

AMB 

5 

0.2498 

6.3449 

0.8493 

0.7213 

MSTF 

459 

H.P. 

AMB 

AMB 

5 

0.2455 

6.2357 

0.8181 

0.6693 

WSTF 

460 

H.P. 

AMB 

AMB 

5 

0.2475 

6.2865 

0.8325 

0.6931 

WSTF 

461 

H.P. 

AMB 

AMB 

7 

0.2670 

6.7818 

0.9812 

0.9627 

WSTF 

462 

H.P. 

AMB 

AMB 

7 

0.2680 

6.8072 

0.9892 

0.9785 

WSTF 

463 

H.P. 

AMB 

AMB 

7 

0.2683 

6.8148 

0.9916 

0.9833 

WSTF 

464 

H.P. 

AMB 

AMB 

7 

0.2640 

6.7056 

0.9573 

0.9164 

WSTF 

465 

H.P. 

AMB 

AMB 

7 

0.2745 

6.9723 

1.0425 

1.0869 

WSTF 

466 

H.P. 

AMB 

AMB 

8 

0.2767 

7.0282 

1.0610 

1.1257 

WSTF 

467 

H.P. 

AMB 

AMB 

8 

0.2775 

7.0485 

1 .0678 

1.1401 

WSTF 

468 

H.P. 

AMB 

AMB 

8 

0.2772 

7.0409 

1.0652 

1.1347 

WSTF 

469 

H.P. 

AMB 

AMB 

8 

0.2777 

7.0536 

1.0695 

1.1437 

WSTF 

470 

H.P. 

AMP 

AMB 

8 

0.2795 

7.0993 

1.0848 

1.1768 

WSTF 

471 

H.P. 

AFC 

Af'B 

10 

0.2943 

7.4752 

1.2165 

1.4799 

WSTF 

472 

H.P. 

AMB 

AMB 

10 

0.2828 

7.1831 

1.1133 

1.2394 

WSTF 

473 

H.P. 

AMB 

AMB 

10 

0.2880 

7.3152 

1.1592 

1.3437 

WSTF 

474 

H.P. 

AMB 

AM8 

10 

0.2850 

7.2390 

1.1326 

1 .2827 

WSTF 

475 

H.P. 

AMB 

AMB 

10 

0.2935 

7.4549 

1.2091 

1.4620 

WSTF 

476 

H.P. 

AMB 

3.4 * 10 7 

1 

0.0740 

1 .8796 

0.0699 

0.0049 

WSTF 

477 

H.P. 

AMB 

3.4 x 10 

1 

0.0749 

1.9025 

0.0717 

0.0051 

WSTF 

478 

H.P. 

AMB 

3.4 x 10 

1 

0.0790 

2.0066 

0.0798 

0.0064 


TABLE B-2. (Continued) 
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T . _ Ener 9y Calculated Calculated 
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TABLE B-2. (Concluded) 


Energy Calculated Calculated 

Source isc # Tester Temperature, Pressure. Level, Diameter, Diameter, Penetration, Penetration, 

(°C) (Kg-N) (In.) (wn) (n»n) Squared 

(w" ? ) 


WSTF 

525 

H.P. 

LOX 

WSTF 

526 

H.P. 

LOX 

WSTF 

527 

h.P. 

LOX 

WSTF 

528 

H.P. 

LOX 

WSTF 

529 

H.P. 

LOX 

WSTF 

530 

H.P. 

LOX 


3.4 

X 

10 7 

8 

0.1930 

3.4 

X 

10 7 

10 

0.2116 

3.4 

X 

10 7 

10 

0.2156 

3.4 

X 

10 7 

10 

0.1810 

3.4 

X 

10 7 

10 

0.2156 

3.4 

X 

10 7 

10 

0.1932 


4 .9022 

0.4921 

0.2422 

5.3746 

0.5967 

0.3560 

5.4762 

0.6207 

0.3852 

4.5974 

0.4307 

0.1855 

5.4762 

0.6207 

0.3852 

4.9073 

0.4932 

0.2432 


APPENDIX C 


COMPARISON Of HIGH PRESSURE IMPACT 
TESTERS AND PROCEDURES 


Apparatus : 

A. Pins 

Material 

Hardness 

Diameter 

Finish 

Reuse 

B. Shaft 

Material 

Diameter 

Hardness 

Design 

C. Seals 


D. Bore Tightness 


E. Blanks 

F. Thermocouple 

G. Oxygen 


M r FC 


Inconel 7)6 
Rc 43-45 
1 / 2 " 

16 micro in/in 

Every 5 drops 
on metal! Ics 


Inconel 718 
0.625" 

Rc 43-45 
1 piece 

3 omni seals, 
Teflon for cryo 
genic, 15? 
graphite filled 
for RT & above 


Empirical Check 
(through balance 
pressure) 


Optional 


Within 0.090" 
Of wall 

99.5? 


SSFL 


Inconel 718 
Rc 36-45 
1 / 2 ” 

16 micro In/In 
Changed 

when necessary 


Inconel 718 
0.625" 

Rc 36-45 
1 piece 

3 omni seals , 
Teflon & moly 
filled TFE 


Empirical Check 
(through balance 
pressure) 

One/day 

Within 0.090" 
of wall 

99.5? 


WSTF 


17-4 

Rc 43-45 

1 / 2 “ 

16 micro in/in 
Change each drop 


Inconel 718 
0.375" 

Rc 43-45 
2 pieces 


2 15? graphite 
filled ball seals 


Spring Gauge Check 


Optional 
In chamber 
99.5? 


H. Free Pall 


Velocity Checked 
each drop 


Apparatus : 

I. Base 

Each verify 
and hardness 

Composition 

Thickness 

J. Mountings 

Floor and 
pedestal 

Concrete block 
and pedestal 

Cylindrical 
pedestal, floor 
separate block 

Measurements: 

A, Temperature 

Fe/Const TC 

Fe/Const TC 

Ch/Al TC 

B. Pressure 

Strain Gauge 

Transducer 

Strain Gauge 

C. Flash 

No 

No 

Yes 

Evaluation: 

A. Reaction 

Visual , cup, 

sample, 

striker 

Visual , cup, 
sample, 
strl ker 

Vlsual/flash 

detector 

B. Rebound 

Procedure: 

A. Cleaning - 

Catcher 

Catcher 

No Catcher 

Cups, Pins 

MSFC-1S4A 

RL10001 

WSTF-1-3.14 

Block 

F- 33 

Freon 

Freon 

Oj Lines 

-- 

Flushed with 
Freon 

•• 

Sample 

Detergent (F-33) 
Distilled (H 2 0) 
Freon 

Dry/1 50° 
overnight 

Elastomer? 

Freon 

(Material 

dependent) 

No Trichloroethylene 
On non-metal lies 
Distilled (H 2 0) 

GN 2 , Dry/RT 


MSFC 


IV. Procedure : 

Between Dropi Klmwipe 


B. Preload 


Preload until 
striker down 
then back of* 
pressure 


SSFl 


Flush with Freon, 


Preload until 
striker dowr, 


WSTF 


Flush with Freon 


Preload to 60 lb. 
force, check 
periodically with 
forge gauge 
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C0ftr.£C7 1 CJi FACTOR FOR THE HIGH PRESSURE OXYCEN IMPACT TESTER 


INTRODUCTION 

The H 1 5 f-i Pressure Oxygen Compatibility Impact Tester, two oF which 
are Installed at m$FC and one at Roeketdyne, clffer frun the 
conventional unprcssurl ced AS*ia COT Impact "e*tc r in that a special 
head (Figure 1) Is u 1 1 1 1 red to test under oxygen pressures up to 
10,000 rs 1 • * balanced pressure on each end cf the striker pin in 

the head theoretically eliminates the need for an Impact energy 
correction factor to be applied tecausc of the high pressure alone. 

However, the Teflon Omnlscals used in the test ncad Introduce a 
frictional resistance to pm movement, end the higher the pressure 
the higher tnc friction. Friction Cata provided by the sca ; 
supplier show that thl s .res I stance Is low at room temperature 
and Is reported to be less than IJ5 lbs for 3 seals, even at high 
pressure. However, MSFC MtP laboratory personnel reported mat It 
required about I0C0 lbs to move the piston when the seals were 
chilled down :o cryogenic temperatures without the test head being 
pressurized. (This increase In resistance could be due to the 
differential coefficient of thcrral expansion, which would r.ake 
the seals shrink down onto the piston.) Concern was expressed by 
MSFC personnel that friction considerations may be even morn 
significant at low temperature under high pressure, especially 
when threshold dc term! na t ions are conducted which might result In 
fairly low Impact energy ratings for some materials. Viorking 
simultaneous!), both MSFC and Rockctdyne conducted a test program 
to determine the effects of tester seel friction. This report 
summarizes Rocxe tdyne 1 s work to date. MSFCs study hss not been 
reported. 

CONCLUSIONS 

1. Testing at -I60C and SC00 psl resulted In a maximum seal 
frictional resistance of IC00 lbs when the 20 lb plummet was 
dropped from a height of 1$' Inches. Extrapolated to a drop 
height of 2l"lnches, the friction value was IJ80 lbs. Friction 
energy losses from 5*16 percent were calculated. 

2. Some dlsc-cpant data points were obtained which have not been 
fully explained. Retesting at those levels produced data 

points which fell In line with others considered good; however, 89 
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additional testing will ba conducted to Itolate the cause of the dis- 
crepancy. The data obtained so far is still considered useful for 
applying a meaningful correction factor to test data. 

3. It la recommended that a safety factor of 1J:1 be applied to ths friction 
data until more precise data can be obtained from more closely controlled 
tests. 

PROCEDURE AND RESULTS 
Vheoret leal 

Energy Is imparted to a specimen by dropping the tester plummet having a fixed 
weight of 20 lbs from some height, h, onto the striker pin which reuts directly 
on the specimen. Without the seals installed In the test head the total energy 
of thp drop, E t ■ 20 x h, Is approximately equal to the energy, Cj, received 
by the specimen since the friction Is negligible. With the seals Installed, 
however, the only way that the specimen can receive the sane amount of energy, 
E», Is to Increase the drop might so that a new total energy, E* ■ 20 x h', 
less the energy, Ef, lost to friction, equals Z t . 

Expressing the above as equations: 




- Et 

- 20h 

(without teals) 

<i) 


E» 

- E t ' 

1 - Ef 

• 20h 1 *Ef (wl th seals) 

(2) 

• 

• • 

Ef 

- Et 1 

1 ' Ef 


(3). 

or 

Ef 

- Et' 

1 - Et 

- 20h' - 20h - 20 Ah 

(A) 


The key to the solution of the above equations Is to have sor.e way of knowing 
when the same energy, E it Is Imparted to the test specimens with arid without 
seals Installed. There Is no easy way of measuring Ej directly, but It con be 
represented by measuring the amount of deformation in the specimen after Impact. 
Since the h'gher the drop height the greater the deformation, curves can be 
developed of drop height vs specimen deformation for both coridl tlons, with and 
without seals Installed. Then, for a given deformation, which represents the 
same £ s , the difference In drop height, Ah, between the 2 curves represents the 
loss to the seals. This dl ffcrence, Ah, multiplied by the weight of the 
plummet (20 lbs) Is the energy, Ef, lost In the seals (Equation (A)). 

The energy loss can also be expressed as the product of the friction force, Ef, 
and the total displacement, A$, of the striker pin. Neglecting tha effects 
of elastic deformation in the striker plr. and the specimen, Aj can be approx* 
Imaird by measuring the permanent vertical deformation in the specimen. 
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Then 


or 


20 Ah ■ Ff *A$ 

2^h 


(5) 

( 6 ) 


Thu*, the friction force can be calculated from experimental data, 
f xoe r I men t a I 


A standard Inconel 7 '• 8 striker pin was modified by machining its flat tip to 
form a i Inch dlamcttr hemisphere so that, when Impactce, a E 'nnel-type 
Indentation Is made in a test speclm-- (Figure 2). The test specimens were 
7/8 Inch diameter x 3/18 Inch thick -t.sks of 6061*0 and 6061-Tu aluminum alloy. 
Data were then generated and plots wt'j made of drop height vs the circular 
diameter of the indentation, both with and without seals and with the 2 heat 
conditions of 6361 alloy noted above. The diameters were measured In 2 
directions, 90 degrees apart, using a Kltutoyo Type B I - A tool maker's micro- 
scope which was calibrated to the nearest 0.0001 inch. For friction force, 

Ff, calculations, the pin displacement, ^ s , was taken as the depth of the 
hemispherical Indentation, the value for which was determined from the 
geometrical relationship of the depth to the measured circular diameter of the 
hemispherical depression. 

It Is apparent that the relationship, between plummet drop height and the 
Indentation diameter of the hemispherical strrker rip. Is a curve with a lower 
bound of 0,0 (l.e., zero drop height, zero Indentation diameter) and an upper 
bound equal to the diameter of the hemispherical striker tip. The curve is 
1 1 lustrated as fol lows: 



Indentation Diameter 
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Using the tester generated data (omitting the discrepant data points discussed 
beiOw) j computer gererated exponential curve fit equation, y • a*^, was 
determined. This was done for each of the four test conditions shown lr 
Figure 3- 

Figure } also shows the discrepant data points, noticeably at the 9-inch 
drop height level for the 6061-0 curves. Retesting, however, produced data 
points having good allg~ent with those obtained at other drop heights. (The 
possible causes of the discrepancies are discussed later.) 

From equation (6) It Is obvious that, for the friction force to remain constant 
(as theorct leal ly it should), Ah should vary as some functlor of Aj. The 
convergence of the curves toward the 0,0 bound bears this out except that the 
calculations at several indentation diameters Indicate the friction Is less at 
louer drop heights. The maximum Ah and therefore the maximum friction within 
the ranpe of the actual data points occurs at an Indentation diameter of 0.30 
Inch, representing a An of 3 Inches and a deflection of 0.05 Inch. Substituting 
these values In Equation (6): 

Ff - - 1200 lbs 

Similarly, by extrapolating the same set of curves to the point where the Curve 
for seats Installed crosses the 2) Inch drop height level, a Ah of approximately 
k Inches and a deflection of .058 Inch (for 0.3215 Inch Indentation diameter) 

•re obtained. In this case the friction force Is approximately 

* 

*' * Tofr 1 * *^8o ib» 

The above values arc considered sufficiently accurate for certain conclusions 
to be drawn. 

0 1 5CUSS i ON 

Various factors which might have caused the discrepancies noted above have been 
considered. Among these are wcbole and drag In the plummet tracks, sideways 
movement in the specimen at impact, sideways movement In the striker pin when 
seals are no; Installed, and the pressure on the pin from the automatic pressure 
balancing system at time of plummet release. It Is known that the automatic 
pressure balancing system on the pin (designed to apply a positive pressure on 
the pin to hold it against the specimen) works against the friction force, and 
Its magnl tucc depends on what the downward pressure is at time of Impact. An 
attempt wi I be made to determine the maximum and minimum pressures on the pin 
resulting from the automatic balancing system and Investigate the effects of 
other variables. 
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In spite of these di serepanclcs , the alignment of the data points Is don* 
sldcred to be accurate enough to draw some meaningful conclusions. Assuming 
a friction force of 1 380 lbs(for drop height of approximately 21 Inches) 
and a full pin travel through a 0.050 Inch test specimen, the friction energy 
loss Is IJ60 x 0.050 or 69 In-lb (5.75 ft-lb). For a material such as Vespel 
SP - 211 , which has an impact threshold level of 36 ft*lb(approxlmately a drop 
height of 21 inches) in that thickness under the same temperature end pressure, 
the percent loss Is about 16. Similarly, making the same assumption for 
0.015 Inch thick specimens, the loss is 20.7 lnch»lb (1.7 ft*lt). Again, 
the threshold level for Vespel SP-211 In that thickness Is 18 ft-lb, or the 
energy loss to friction Is approximately 9j percent. (The value Is even lets 
for friction actually determined for a drop height of 9 Inches.) 

An energy loss of 9* 16 percent Is considered conservative (somewhat higher 
than the actual value) from the standpoint of assuming 0 deformation equal to 
the thickness of the materia) and the fact that elastic deformation was 
neglected In calculating the friction force. (A larger^* In equation ( 6 ) 
would result In a smaller Ff.) On the other hand, since some data points were 
obviously discrepant, it has to be assumed that other points may be somewhat 
Inaccurate but to a much lesser degree. It Is possible, therefore, rhat the 
curves for the p'essurlaed tests (Figure 3) could shift Slightly (to the left, 
for example, If the data were not obtained at minimum pressure differential 
on the pressure balancing system on the pin). 

Until more precise dete points cen be obtelned by refining the test procedure 
and exercising tighter controls, on the tester*, It Is recommended thhi a safety 
factor be applied to the friction loss. A factor of I i : I Is more than enough 
to spread out the curves for tests with and without Seals (Figure 3) SO that 
all of the good data points fall between them. It Is recommended that this 
value (equivalent of 0 maximum percent loss of 26) be used for the de-'elCpmenC of 
rationale for the use of Vespel SP-211 and other materials for which threshold 
determinations have been made. The correction factor con be updated when 
additional testing has been completed. 
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